The objective of this study is to investigate the current state of the practice, examining the steps in the process recommended by various agencies and the Asphalt Recycling and Reclaiming Association (ARRA)-namely mix design, structural design, structural capacity evaluation, and material characterization-in order to better understand the implications of hot in-place recycling (HIR).
INTRODUCTION
Pavement recycling is a practical way to conserve our diminishing supply of construction materials and to reduce the cost of preserving our existing pavement network. When properly designed and constructed, recycled pavements have been found to perform as well as pavements made of all-new materials (Epps, J.A et al., 1980 and Brown, D., 2000) .
The growing demand for a safer, more efficient, and more costeffective roadway system; the significant increase in the cost of bituminous materials (a jump of up to 70% in the past few years); several agencies from pursuing HIR.
The objective of this independent study is to investigate the current state of the practice, examining the steps in the process recommended by various agencies and the Asphalt Recycling and Reclaiming Association (ARRA)-namely mix design, structural design, structural capacity evaluation, and material characterization-in order to better understand the implications of HIR. In addition, the current practice of state departments of transportation (DOTs) is here reviewed with the purpose of learning from successful past experiences so as to forestall any difficulties that may emerge under similar circumstances. Also, HIR benefits, including reduced costs, improved construction processes, and environmental friendliness are presented, as well as advantages and disadvantages of HIR application.
BACKGROUND
Most of the United States highway system was built between 1950 and 1980 using pavements designed to last 20 years before rehabilitation or reconstruction. Many of the roads of that system are now deteriorating. New pavement construction and some cases of reconstruction require virgin material sources. However, these are becoming scarce, resulting in increased construction costs stemming from mining costs, hauling distances, and environmental protection requirements. Asphalt rehabilitation techniques represent a way to increase the effectiveness of existing budgets in order to maintain, preserve, rehabilitate and reconstruct more miles of roadway for each dollar spent. The reuse of existing in-situ road materials through rehabilitation techniques will also minimize traffic disruption, a further advantage over the use of virgin materials.
Flexible pavement rehabilitation alternatives include HMA overlay and recycling. Reconstruction is required when a pavement is more severely damaged. A HMA overlay atop prepared existing pavement is the conventional rehabilitation method. Reconstruction, the process of replacing the existing pavement structure, typically requires the complete removal and replacement of the existing pavement structure. Reconstruction is required when a pavement has either failed in layers below the HMA or has become functionally obsolete.
In-place recycling, another rehabilitation method, includes the re-use of existing HMA, or of both the existing HMA and base layer, to create a new layer. On top of the recycled layer, it is common to apply a new thick or thin HMA layer. Possible inplace flexible pavement recycling options include hot mix asphalt recycling, hot in-place recycling, cold in-place recycling, and fulldepth reclamation. In-place recycling is defined as recycling in which the entire process is conducted during the construction.
Over the years, recycling has become one of the most attractive pavement rehabilitation alternatives, given that recycling of existing pavement materials to produce new pavement materials results in considerable savings in materials, money, and energy (National Center for Asphalt Technology, 1997).
Asphalt Pavement Recycling Methods
The use of asphalt cement to stabilize recycled asphalt Different methods of recycling are applicable to different types, levels, and severity of problems, and hence to different periods of pavement life (see Figure 1) . Typically, HIR is recommended when the majorities of pavement distresses are minimal, and are limited to the upper few inches of the surface of the roadway with no evidence of structural problems. CIR is used when there is a higher number, type, and severity of non-load-related distresses that may extend farther down from the surface. CIR with an overlay can be used to address some load-related distresses. FDR is an in-place rehabilitation process that can be used for reconstruction, lane widening, minor profile improvements, and increased structural capacity, addressing the full range of pavement distresses.
Today, asphalt pavement recycling is commonly performed on highways and airport runways using a variety of methods, both hot and cold, for both central plant and in-place recycling operations. Of these four methods, the most remarkable changes and innovations in North America over the last ten years have been associated with hot in-place recycling.
Hot In-Place Recycling (HIR)
Hot in-place recycling requires preheating the existing surface immediately before milling, mixing the RAP with asphalt binders, recycling agents, new aggregates, or other additives to improve the properties of the RAP, then placing and compacting the new mix in one continuous operation (NCHRP, 2011) . With HIR, 100% recycling of the existing asphalt pavement is completed on site. Generally, use of virgin aggregates or HMA addition rates are limited by equipment constraints to less than 30% by mass of the HIR mix. The addition rates of the various additives are determined based on an analysis of existing asphalt pavement properties and subsequent laboratory mix designs, to confirm compliance with the required mix specifications. HIR has been utilized on low to medium traffic volume roadways.
With the HIR method, the existing pavement is heated and softened, and then scarified/milled to a specified depth of 3/4 to 1-1/2 inches and mixed (Asphalt Recycling and Reclaiming Association, 2001) . New hot mix material (with/without RAP) and/or a recycling agent are added to the scarified RAP material during the recycling process. A new wearing course (new overlay) may or may not be placed in the recycled mix with an additional pass after compaction. This approach requires several pieces of equipment, including pre-heaters, heaters, scarifiers, mixers, pavers, and rollers. This combination of equipment is often referred to as a train.
HIR can be performed as either a single-pass operation that recombines the restored pavement with virgin material, or as a two-pass operation, wherein the recycled material is recompacted, followed by the application of a new HMA wearing surface. In single-pass operation, the scarified in-place material can be combined with new material if needed or desired. In twopass operation, the restored RAP material is re-compacted first, and a new wearing surface is applied later. The treatment depth of the method varies from 3/4 to 2 inches. Pavement distresses which can be treated by HIR include raveling, potholes, bleeding, decreased friction number, rutting, corrugations, shoving, and slippage, as well as longitudinal, transverse, and reflection cracking (Brown, D., 2000) . Figure 2 shows the pavement conditions which may be addressed using HIR.
The Asphalt Recycling and Reclaiming Association (ARRA) has recognized three basic HIR processes (ARRA, 1992) The advantages of HIR are that surface cracks can be eliminated, ruts, shoves and bumps can be corrected, aged asphalt can be rejuvenated, aggregate gradation and asphalt content can be modified, hauling costs can be minimized and traffic interruption can be reduced due to short construction time, as compared to conventional pavement rehabilitation methods.
Disadvantages include the necessity of specialized equipment, the low recycling rate of a maximum of 2 in. of existing hot asphalt concrete pavement, the high mobilization costs, and the method s unsuitability for local streets with limited space. Moreover, the HIR process can compromise air quality due to the use of high bituminous material (National Center for Asphalt Technology 1997). Also, it cannot address reflective cracking problems of underlying layers, only pavement surface problems. The HIR operation with application of overlay is illustrated in Figure 3 .
Over the past twenty years or so, several approaches to HIR have been attempted with varying degrees of success. These have ranged from simple direct-flame heating, heater-scarifying, combined cold milling/hot mixing, and more recently both infrared heating (IR) and IR combined with hot air. Key goals in improving this technology have included recycling to greater depths, the ability to add new materials, reduction of damage to existing pavement (overheating asphalt, aggregate degradation), and reduction of air pollution to acceptable levels.
Cold In-Place Recycling (CIR)
Cold in-place recycling (CIR) is undertaken on site, and generally uses 100% of the RAP generated during the process.
This method involves reuse of the existing pavement material without the application of heat. Except for any recycling agent used, no transportation of materials is usually required, and aggregate can be added; therefore hauling cost is very low. is not sufficient to provide the desired depth of treated base, new materials may be imported and included in the processing. New aggregates can also be added to the in-place material to obtain a particular gradation of material. This method of recycling is normally performed to a depth of 4 to 12 in (Epps, 1990) . The advantages of FDR are that most pavement distresses are treated, hauling costs are minimized, significant structural improvements can be made (especially in the base), material disposal problems are eliminated, and ride quality is improved. Also, frost susceptibility may be decreased. The disadvantages are that traffic control can be problematic, the moisture content must be carefully monitored, and the addition of a wearing course is usually required. The FDR process is illustrated in Figure 5 .
Pulveriztion Strategy
The pulverization strategy requires that the HMA layer be pulverized and mixed with a portion of the existing underlying base material to create a new base layer. This work consists of scarifying and pulverizing the existing HMA surfacing and a portion of the underlying base material; mixing, spreading, and compacting this mixture; and applying an asphaltic emulsion curing seal. In the pulverization process, a rubber tire reclaimer is used. Typical depths for pulverization range from 150mm to 200 mm, although the depth can exceed 300mm. At least 25mm of the existing base is pulverized to ensure complete pulverization of the HMA layer and to add more fines to the resulting material. 2004). An initial analysis of the pulverization strategy showed that it was cheaper than traditional overlay in both the short term and over the life of the pavement (Bejarano and Harvey, 2004) .
However, because this analysis relied on short-term field testing and limited laboratory testing, comprehensive laboratory testing, including permanent deformation testing and long-term monitoring of field behavior, were noted as being required before final conclusions could be drawn regarding this question.
The pulverization strategy might be viewed as full depth reclamation since the two methods employ similar rehabilitation strategies. However, there is a difference between them, namely the introduction of a stabilizing additive such as cement and/or emulsion, or foamed asphalt. Most full depth reclamation projects reported (Kearney and Huffman, 1999; Mallick et al., 2002a; Bemanian et al., 2006) have used stabilizing additives.
Evaluation of HIR PROPERTIES

Material Properties Evaluation
Utilizing information gathered during visual assessments of pavement surfaces, a review of historic documents, and a pavement property assessment, a given pavement rehabilitation project is divided into sections based on shared performance characteristics or homogeneous /uniform conditions. Field Some of the field samples should be obtained using compressed air as opposed to water during the coring/sawing process, so as to accurately determine the moisture content of the asphalt pavement. Moisture content significantly influences the production rates of the various HIR processes. As the moisture content of the pavement increases, there is a corresponding increase in the heat energy required to remove the moisture and heat the asphalt pavement to the desired temperature.
Consequently, in order to achieve the desired mix temperature, the HIR train must move slower, reducing productivity.
Structural Capacity Evaluation/Design
Structural design considerations are very important in recycling techniques. Recycling processes can be used to correct structural deficiencies in the existing pavement and to address future traffic needs. In evaluating the structural capacity of pavements, two conditions need to be assessed: the structural capacity required for the expected traffic volume during the service life of the pavement, and the ability of the existing pavement structure to carry the load of the HIR equipment during construction.
The evaluation of pavement strength, load-carrying capacity or structural capacity can be estimated by an evaluation of the pavement materials, subgrade, and thicknesses, or by direct field measurements. The ability of an existing pavement to carry future traffic at a reasonable level of service is directly related to its structural capacity. Evaluation of the structural capacity of an existing pavement can be executed either by destructive or nondestructive methods.
Destructive methods, including test pits or coring:
Determine the existing pavement layer thicknesses 
Falling Weight Deflectometer (FWD)
In-place measurements of deflection have been used to evaluate the structural capacity of pavements. They can be used to back-calculate the elastic moduli and to evaluate the performance of pavements. Many devices are used to measure deflection in the non-destructive testing of pavements. The Falling Weight Deflectometer (FWD) is the most widespread non-destructive testing device used to back-calculate the field elastic moduli.
FWD tests are generally performed in the morning and afternoon to evaluate the stiffness of the HMA and of the pulverized material at different temperatures. Jeon (2009) reported that surface temperature differences between the morning and afternoon were significant, but that stiffnesses in the morning and afternoon were almost the same.
He explained that this finding implies that there is no temperature sensitivity in the stiffness of pulverization material even when the pulverized HMA is between 60% and 85% of the mass of the pulverized aggregate base.
Dynamic Cone Penetrometer (DCP) Testing
The Dynamic Cone Penetrometer (DCP) is an instrument designed to provide a measure of the in-situ strength of fine grained and granular subgrade, granular base and subbase materials, and weakly cemented materials. The equipment consists of a 60 metal cone attached to a rod, and an 8-kilogram hammer that is dropped from a height of 575mm to drive the cone into the in-situ base material, typically through a core hole.
A tape measure is secured to the rod so that the technician can record the depth of penetration with the increasing blow count.
The associated DCP penetration in the base is plotted against the number of blow counts. Changes in the penetration rate (DN = slope of the penetration-blow count relationship in mm/blow count) are used to determine the thickness of layers. In general, lower penetration rates are indicative of stronger materials. A schematic of the DCP is shown in Figure 7 . DCP tests are carried out both before and after rehabilitation in order to estimate the thickness of each layer, as shown in Figure 8 .
The data have shown that penetration blow counts before rehabilitation are typically greater than those after rehabilitation.
This result could indicate that the material is stiffer after construction.
MIX DESIGN CONSIDERATIONS
A number of HIR mix design methods have been used by various agencies due to the lack of a single accepted protocol for the mix design of HIR. In general, the philosophy underlying HIR mix designs has been to restore the properties of the existing aged asphalt pavement to those of virgin Hot Mix Asphalt (HMA).
This approach attempts to account for the changes which have occurred in the existing HMA due to time, traffic, and the HIR process itself.
Mix design should be determined based on whether the original HMA mix design was adequate, and whether restoration of the existing HMA pavement is achievable. If not, a mix design should be considered which upgrades and improves the mix properties during the HIR mix design process to ameliorate the shortcomings of the original mix.
Mix Design Process
The mix design process for Hot In-Place Recycling is, in many ways, similar to that used for high content RAP Hot Mix Recycling. HIR generally involves the use of 70% -100% RAP.
The asphalt binder plays a vital role in the performance of asphalt pavement. Recycling agents or very soft asphalt binders may be used to upgrade the overall quality of the asphalt binder in the recycled mix. HIR mix designs, especially for higher RAP contents (>25%), are more complex than standard virgin HMA mixes. Consequently, the mix designs take more time and incur increased costs.
The HIR mix design process is divided into largely two methods. The first is the traditional design, which takes into account not only the rheological properties of the asphalt binder but also those of the recycled mix. The second method is the Superpave design. At present, no documentation or confirmation exists that the Superpave technology is universally applicable to HIR mixes. In Superpave design, a three-tiered system for selecting the PG grade of the new asphalt binder is used for hot recycled mixes.
If the amount of RAP is equal to or less than 15%, the selected PG grade of the new asphalt binder should be the same as the Superpave-required PG grade.
If the amount of RAP is more than 15% but equal to or less than 25%, the selected PG grade of the new asphalt binder should be one grade below, i.e., softer, than both the high and low temperature grade required by the Superpave system.
If the amount of RAP is more than 25%, the specific grade blending chart should be used to select the high temperature grade of the new asphalt binder. The low temperature grade should be at least one grade lower than the binder grade specified by the Superpave system. The percentage of recycling agent required to meet the target viscosity is initially determined on a weight basis. Usually, the target viscosity is selected to be close to the asphalt binder properties that were observed when the roadway was originally constructed. Use of the viscosity blending chart for mix design usually provides a reasonable but slightly high estimate of the amount of recycling agent needed. Hence, field adjustment in the amount of recycling agent being added is usually required. Also, the penetration value can be used to determine whether the existing asphalt binder needs to be rejuvenated during the HIR process.
Evaluation of the Existing Pavement
Just as the gradation of aggregate stockpiles and the properties of asphalt binder must be evaluated in designing an HMA mixture, the gradation and binder properties of the existing HMA pavement must be evaluated in designing an HIR mixture.
Determination of the gradation and binder properties of the existing pavement requires testing of samples from the roadway.
Regardless of the sampling method used, care should be exercised to minimize cutting or breaking the aggregate as doing so affects the gradation.
Determination of Rejuvenation Requirements
The asphalt binder in the existing pavement will have aged as a result of exposure to air and water during its service life. Aging is a process by which oxygen reacts with molecules in the binder, making it stiffer and less ductile. The loss of ductility makes the pavement more susceptible to cracking, thus affecting pavement life. The purpose of rejuvenation is to restore the properties of the aged asphalt to the desired binder properties. Rejuvenation involves adding recycling agent or soft asphalt to the recycled mixture. Recycling agents are a mixture of hydrocarbons that are mixed with the aged asphalt binder to modify or improve its properties. Adding soft, new asphalt binder to aged asphalt binder produces an average binder.
Selection of Optimum Mix
The conventional HMA mix design process consists of testing several trial mixes prepared with varying amounts of asphalt to determine the asphalt content that yields the specified volumetric properties. However, additional variables make the HIR mix design process more complicated. The amount of recycling agent, the percentage of admixture, the admixture asphalt content and admixture gradation all need to be selected to produce a mix with the desired qualities. Properties of the existing HMA pavement can also change from location to location, further complicating the process. There is no established procedure for HIR mix design, so that the proportioning of trial mixes must depend on the experience of the mix designer. The trial mixes are tested to determine whether they meet project requirements. If none of the trial mixes does so, more trial mixes with different proportions must be tested. Additional testing for such characteristics as moisture susceptibility should be performed after the final mix design is selected. 
CONSIDERED LABORATORY TESTS
Laboratory Index Test
Resilient Modulus Test
Due to repeated traffic loading, permanent deformation and recoverable vertical strain may occur simultaneously in the HIR construction layers. In order to evaluate performance, stiffness and permanent deformation, resistance should be determined. To that end, the resilient modulus test is an applicable laboratory test.
Resilient response is dependent not only on stress state but also on material properties. Kim et al. (2007) conducted the resilient modulus test on various ratios of reclaimed asphalt pavement (RAP) and crushed aggregate. They found that the combination consisting of 25% aggregate and 75% RAP material had the largest resilient modulus. They also found that the stiffness of the 50% aggregate and 50% RAP specimens was equivalent to that of the 100% aggregate specimens at the lower confining pressures. At higher confinement, the 50% aggregate and 50% RAP specimens were stiffer. Jeon (2009) 
applied resilient
modulus test results to demonstrate that the stiffness of a base obtained via pulverization, one of the HIR techniques, is generally equal to or greater than that of the typical aggregate base.
CONSTRUCTION 6.1. Weather Conditions
A number of specifications contain weather restrictions on when recycling projects can be constructed. In HIR, weather conditions such as variations in temperature, humidity, and wind, all of which will affect breaking and curing times, must be considered; specifications will typically require that fog not be present during construction. In addition, the ambient air temperature must meet specifications, typically a minimum of 7 (45 ) in the shade.
Opening to traffic criteria should be in place to ensure that prior to opening the roadway to traffic, the surface temperature of the HIR treated pavement is 66 (150 ) or less.
Surface Preparation and Compaction
The equipment used in preparation for recycling and for compaction after recycling is that typically used in conventional maintenance and HMA overlay placement projects. Surface preparation is not specific to a particular recycling process. Roller selection is typical of that used in standard roadway construction. 
ECONOMIC ASSESSMENT
An economic analysis, specifically a life cycle cost analysis (LCCA), is undertaken to compare the various rehabilitation techniques, in order to determine the most monetarily effective.
Such factors as new HIR equipment, adequately maintained and operated, warm ambient temperatures, and little wind will significantly reduce the risk and/or amount of potential fugitive emissions. Fugitive emissions are of increased concern in an urban environment.
As with all rehabilitation construction projects, a certain amount of noise is associated with the HIR process. Typically, due to the speed of the HIR operation and its transient nature, the noise effects are short term. The noise issue is of greater concern in an urban setting.
The possibility of flammable substances near the work site needs to be assessed. In general, accidental fires do not represent a problem, but overhanging trees and vegetation can be scorched during the HIR operation. Immediately prior to the HIR equipment passing over or near any manholes, catch basins, vaults, and so on, these must be checked for the presence of any flammable vapors/gases, and should be cleared by the Fire Authority having jurisdiction within the project area. The considerable experience with HIR in Canada has led to a government-sponsored project to evaluate the performance of HIR pavements constructed in Alberta since 1990. The ten projects studied were recycled using single-pass-two-stage HIR trains at a 50mm depth. The study focused on assessing binder rheology and mixture volumetric properties before and after construction. In addition, these same properties (binder and mixture) were compared at the time of construction and again in 1996 to evaluate the effects of time and traffic. Among other things, the data from the Alberta study indicated that adding a recycling agent increased penetration by about 30% and was thus effective in restoring the binder. For those projects in which no recycling agents were used, the HIR process reduced penetration by about 20%.
CASE STUDIES
Another study (Kandhal and Foo, 1996) addressed the problems of recycling HMA using SHRP graded asphalt binders and how to adjust for these grades as compared to the older approach using viscosity. Although the research was aimed at central-plant recycled HMA in which up to 30% RAP was used, the same principles could be used to extrapolate to HIR mixtures containing 70-100% RAP.
Reports on earlier projects noted that the water sensitivity of the recycled mixture can change unexpectedly. A pavement that exhibits stripping may not be improved by HIR even though the initial coating may appear to be adequate. Test results in several studies have shown that there is often a loss in resistance to water damage after HIR, probably because the binder is typically softened, thus resulting in a more water-susceptible mixture.
Therefore, it may be prudent to consider anti-stripping measures such as using liquid agents or lime as additives. In this project, the goal of mix design was to obtain an admixture with an air void specification of 2.5% to 5.5% when compacted to 75 gyrations in a Superpave gyratory compactor.
Washington State Department of Transportation
The amount of recycling agent used was determined by comparing the viscosity testing of asphalt recovered from the existing pavement to that of the new asphalt binder typically used on WSDOT projects. The recycling agent assists in making the mix more compactable, allowing for adequate compaction at lower temperatures than with conventional HMA. This aspect of superiority is proven by results showing that the lay-down temperature for the HIR using a recycle agent is lower and more uniform than that for conventional HMA paving. As shown in Figure 10 , thermal images show a temperature range of 90.6 (195 ) to 115.6 (240 ) behind the screed. In mixing test results, voids in mineral aggregate (VMA) were within WSDOT s specifications, but air voids (Va) were lower, and consequently the voids filled with asphalt (VFA) were higher.
The total project cost was $5,670,000, including design, administration, safety, HMA paving, pavement marking and incidental work required to complete the project. However, the cost of the HIR items was only $1,860,000 (Table 1) However, although the initial cost of HIR is less than that of a traditional HMA project, its service life must be determined to confirm whether its life cycle cost is lower than that of traditional HMA.
The HIR process successfully rehabilitated the pavement on SR 542 using less new material than a traditional HMA mill and fill. Pavement performance over time will determine whether HIR is a viable alternative to traditional HMA. Prior to heating and recycling the existing pavement, 6inch(15.2cm)-diameter core samples of the pavement to be recycled were obtained using a diamond core drill. After recycling but prior to compaction, a 54.4kg (120lb) sample of the hot in-place recycled loose mix was obtained. The binders from the pavement cores and the loose mix were extracted and recovered. The shear modulus of the binder was then measured using a Dynamic Shear Rheometer. Table 2 
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Conclusions and Recommendations
Most of the United States highway system is now deteriorating so that rehabilitation or reconstruction techniques are required for the most distressed roads, taking into account ways to increase the effectiveness of existing budgets. Several options are available in rehabilitating distressed roads, and the choice among these depends on many factors, including pavement distress condition, funding, and design life. Among these techniques, Hot In-Place Recycling (HIR) has emerged as a cost-effective treatment for deteriorated pavements, and has been proven an effective longterm strategy for pavement rehabilitation.
Over the past several years, acceptance of the HIR concept has steadily and rapidly grown. In addition, the techniques and equipment developed by pioneers in organizations such as Artec and Wirtgen have incrementally approached the goal of being able to recycle at depth and put down an asphalt pavement of sufficiently high quality that it can directly compete with other HMA pavements. However, HIR continues to face problems having to do with limited potential for structural improvement and uncertain performance reliability-specifically the lack of a nationally accepted protocol and defined design procedure. In short, there are shortcomings that require further attention, but it appears that many of these are gradually being overcome. The following recommendations can be drawn from this study: A number of HIR mix design methods have been used by various agencies due to the lack of a single accepted protocol for the mix design of HIR. Therefore, specific mix design methods, such as Superpave, need to be developed for the design of recycled mixes.
Structural design considerations are fundamentally important in recycling techniques. Thus, structural design parameters need to be assessed before construction so that the final product meets or exceeds the desired performance.
The barrier cited most often by contractors as compared to agencies, the lack of project selection criteria, must be established concretely.
Further education and training are required to facilitate the expansion of the HIR industry.
Climate conditions must be considered in considering whether to select an in-place recycling process.
A Life Cycle Cost Analysis is recommended to ascertain construction costs for various rehabilitation alternatives, given that these impact performance. Also, service life of HIR pavements should be determined to confirm whether their life cycle cost is lower than that of traditional HMA.
